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H ABSTRACT

[I An important feature of many flows encountered in practice,

'(such as in turbomahineriy), is the fact elit the streamlines may be

curmd,. thereby introducing a pressure gradient in the direction

perpendicular to the main flow direction. The purpose of the pre-

sent research is to isolate the effects of curvature (swirl) on the

A turbulence and hence the transport properties.

The experinental effort is concerned with mapping out the

[ details of the developing axial and decaying tangential velocity

fields using isothermal air as the working fluid in an airiulus with

Sa single diameter ratio (d1/do = 0.4) and at a single bulk Reynolds

number (Re = U%/y = 130,000.) In this report, interest is centered

on a critical discussion of the data reduction techrdques for ob-

taining the radial variations of the axial and tangential momentum

diffusivities.
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NM04MATURE

,coefficients, in Eq. 22

C ,C 21 C3  constants in least squares fits

Cx local axial skin-friction coeffic.ent

do inner diameter of annulus
Sdo- Orter diameter of annulus

Dh hydraulic diameter, % = do -d

k Karman constant, k = 0.4

1 mixing length

-m mass flow rate

"i rm velocity exponent (see Appendix B)
Spressure

r,rm,ri,r6 radius, radius of maximum axial velocity,

inner wall radius, outer uall radius

SR gas constant
SR
ReDh Reynolds number, ReDh = D.v

T temperature

u axial velocity component

u1  axial velocity atouter edge of axial
bowiddry layer

Su average axial velocity

u axial shear stress velocity, u* = /p.

u law-of-the-wall variable, u = u/u

v radial, velocity component

Sw tangential velocity coriponent

x axial coordinate, axial distance from irlet trip

y distance from wall
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Greek SymWo s

cW angular po;!sii•n of cylindrical probe pressure
-t ap -rla-iiký & the flow directim, value of - at

_iwhi pressure .tap indicates the- static pressure U
" £turbulent diffusivity for roment~in r4efined in: i i's. 4 and 9

1 P dyn'id"c viscosity of air

V kinematic viscosity of air

'rr Turbulent energy production, Eq. 3 [
p density

-r,-iITo wall shear stress, shear stress at inner wall,
shear stress at:-outer wall

inlet vane setting [}
4, flow angle, Fig. 9

Subscripts

atm atmospheric

Si,.side well -

o outside wall

,max absolute maximum

rx axial component LI
re tangential component

T = 0 locus of zero axial shear [
TrX = 0 locus of zero tangential shear U;
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K GE3bALTRU -VSbk-t -FORIN

by C. J. Scott and D. R. RAsk

An iiportant feature of many swirling flows encountered in practice (such

as in turbomachinery) is ths1existence of strongly curved streamlines that intro-

duce a pressure variation in a directin :perpendicular to the main flow. An

engineer's principal hope of wueTauding such kn obviously coaplex flow system

is through a synthesis of some sinpler modes- into analytically tractable forms

of else through laboratory simulations. The ftomy approach has only been fruitful

flý diaminar swirl situations where the transporc properties are known. The avail-

ability of digital conputers and refined numerical schemes have only recently

[ U 'resulted in a clearer understanding of sone of the constbnt-property, laminar,

rotating flow systems. On the other hand, rotating turbulent flows are diffi-

[ -cult to treat because of the lack of accurate turbulent transport coefficients.

For the relatively nimple case. of a turbulent cOre vortex, the values of turbu-

lent viscosity suggested in the literature vary ten-fold.

The experimental effort reported here is concerned with mapping out the

details of'the devaloping axial and decaying tangential velocity fields using

isothennal air as the working fluid in an annulus with a-single diameter ratio

(d/do = 0.4) and at a single bulk Reynolds fiuaber (Re = J)~h/v = 130,000). In
this report, interest is centered on a critical discussion oi the data reduction

techniques for ob:aining the radial variations of the axial and tangential ,mmen-

turn diffusivities. The annular geometry was selected because the inner and outer

[ walls produce different effects on the swirl turbulence.

Consider a high, axial Reynolds-nunber, flow through an annulus. If both walls

S-_f. . ..
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are stationary,. then f a. wheel-like -rotation -(solidzbbdy.) is initkiy- imparted
"[to the flow, near The inner wall the positive radial gradient of angular momkttun

is knoii to have a ,tabilizing effect. Near the fixed outer b6idary, a destabiliiz-

ing effect is endountered. The net effect of the centripetal acceleration. field

is to-exert -a stabilizing influence on the flow which- depends on the shape of

the angularimomentun distribution., Local stability variations modify the turbu-

lent structure mainly through the production of turbulent energy such that the •tur-

bulent trasrt coefficients are inhibited. Near the outer wall - the unstable

case the -net effect of the centripetal acceleration field is to increase the tur-

bulent production and promote turbulent transport.

"The characteristics of"swirl flows have been investigated during the last

three decades and are still the subject of extensive research. Much of the-work LI
was summarized in a symposium [1]* on "Concentrated Vortex ýbtion in Fluids," or-

ganized by the International Union for Theoret•ciU and Applied IJchanics and held

at the University of Michigan, Ann Arbor, Michigan, in July, 1964 as summarized

in J. Fluid Mech., Vol. 211, No. -, 1965. Later in 1966, a book, Vol. 7 of

"Progress in Aeronautical Sciences,'" [2] reports in more detail matters discussed

at that particular symposium and presents revised versions of summary reports pre-

sented there.

A few practical applications of swirling flows are listed below:

1) Heat transfer per unit area as well as ratio of heat transfer to

friction loss is increased if rotation is superimposed-on axial flow

through tubhs.

2) In pipe flow, twisted tapes have beefi inserted to augment h.at transfer.

Applications here include throat regions of regeneratively-cooled rocket

nozzles', ,(whefe local hot spots must be avoided) or in 'high performance U

, Numbers in brackets designate References at end of report.

Li



3

heat excangerýs.

j 3) A comm, instance ,of flow betwen 'concentric cylinders occurs in z-otating

nachiery:i•ierizth heat transfer chaiacteristics of -the. air gaý. ire

-frequentiy the least understood, 0of the-mapy heat flow paths in electric

- - -rotatingequipnent.

4) i'i gaseous nuclear reactor rocket-rotors, swir~ingotion achieves a

lIdger hold-up time -of the fissionable igas..

5) I 5 plasm:generat6is, a.swirling motion is sperslposed on tl• axial

gas flow throug, the nozzle in order to move thd arc attachment point

on the anode circumferentially and, thereby, avoid 6-rrheatifikg tHe anode

material.

i-6) advanced combustion chambers, swirling moioni of the gases inToroves

flow .tability and combustion efficiency while reducing the heat loss

J] through the walls.

7) With increased levels of tenperature, cooling must be applied to[f rotating and stationary components of gas turbine disks and shrouds.

From a heat transfer standpoint, this poses the question- of predictingII the heat transfeT in passages enclosed by surfaces which are partially

rotating.

f 8) Swicliiig flows are used to separate :particles such as dust separators

in the air intakes o 'helicopters ,hovering over dusty fiolds.

-•9) Ranque--Hilsch tube cooling devices, are now in production based on the

energy separation of a gas stream 'into a portion with higher, and

another portion with lower, temperatures than the inWet temperature.

- 10) In certain flow regimes, the effect of swirl is to improve diffuser

performance; hile in others, the performance is reduced.

11) In a typical submarine condenser, the turbogenerator exhaust inlet is

located on top andi at or.z end o. the coi-Pser but is offset from the

']
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12) One mvinght addto this list atmespheric and, gelophial vorticalo

phenomn 'ýsuch ýas st devils, watcrspouts, tornadoes, whirlwnds ,etc.L,

Swirlingdflowsd have been classifie n by King, aRothfus, .andKermdoe r[l3atcord-

ing uto themboundary-condition. dn the following fashion:

1) Uncdnfined-swirling flow§ý r nh al efcsa e gligible,. 9
*Examples are swiiling, free iits, rotary gas burners, trailing vorticesU

from aircraft wine, ýand swirling compressible nozzle flows.9[ri2)o wllO Oeffects strong raieract with the swirl to produce significant

duts avorex otin. heshfowart, large-dinotameter caonieors whore soide-L

secondary flows. An exatnle here is core-flow containment in gaseous

3) Laige L/Dh swirling flows in- tubes where circiumferential wall effectsU

inteiaft strongly with the swirl. flow. [r
Revolving fluid flows, inuwhich the tangential velocity distribution w(r)

is described by wr =constant, are normally classified.- as vortex flows. The revolv-

ing fluid is caused to move inward igoward the axis,of revolution. If the fluid

friction is low,, or if .the radial flux of angular, momentum is high, the fluid exe-n

dutes a vortex motion. These flows are normally in c~ontact with one or more solid

boundaries. Flows may be rotating, over stationary walls or inside confiningU

3 ~stationary walls. The ~boundaries may be rotating and inpart swirl to the main

body of fluid by turbulent diffusion. In the case of a grounidcd stoin funnel, [
both 'the fluid'\and the surroundings are rotating.

For swirling internal flows in long stationary ducts, the axi.al flow (u)

,,1,



assumes, a fully developd4, velocity distribution at large distance§ dWnstre•m-and

.the swirl (iw)- decays ,asypntotically to 'zero If wail rotationhis pesent, a fully

develqed, swirl' proile is produced. If the swirl ratio is-sufficiently large*,

stagnant regiohsý#,d regions of reversed flow may -exist in the entrance section.

This•ohenfomnofi, kno.v as vortex breakdown, may occur in ,swirl diffusers-and

.i influences their petrf9prmance'. It helps to stabilize flames aid-.alters, the flow

from rotating jets. It 'has beefi proposed to contain a volume of f'uia within a

[i body #.,.f different fluid with relatively little mixing.

tBo;l '[4] investigated lAminar vortex breAkdown flows. Cr.e special case

U involves swirling Alow, in,,a cylindrical, stream tube. These solutions are char-

acterized by a maxinmtzswirl angle of 6 = 62,5. At larger swi'rl angles, a

stagnation point and a reversed flow exist along the axis of th6 tube. Theopres-

enit experimental studies are confined to, the subcritical casewhere vortex break-

down does not Occur because of the difficulty in deducing distributions of turbu-

Slent transport properties with reversed local axial flows.

Another interesting feature of swirling flows is related to their hydro-

Sdynamic stability. Since particles in revolving motion tend to conserve their

angular momentiuP, the stability criterion first proposed by Rayleigh [5] suggests

H that flows with positive radial angular momentum gradients-are stable while flows

with negative gradients are unstable. Rayleigh describes the equilibrit ,behavior

U of a fluid particle near the outer wall in a curved channel. Upon being displaced

to a larger radius, the fluid possesses a larger angular momentum than its

[ neighbors. The centrifugal force on the displaced particles (-pw2/r) will be

UJ] * The tern swirl rate (ratio) used here is subjective in nature, Onie could say
a swirl flowis of a high rate if in the inlet region Umax << y '(uI and w

are the maximun axial and tangential velocities). The largest swir'l rate reported

here has a Wma/ax ratio of 1.6 at the first data station (x/Dh := 1.7).
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greax6r *')m• te centzi'petal pressure grdent,e9xifting at 6te new locaion and

the-.pý, fcle will tend to.be displated.1-,6 a-stli Ilager radius,., :the'refore, .a

ra4A-4'dsplpcemeit" is u•ns table "near the,.outer waill. Near the• iner w~all, the"

conver-se is- ti*.. Re iting flowys -ith solid .bod z~aion' (w, = qcr) are -very-][

S9table,.-!!ftee" vortex flows .lwr -c) are--neutrally stable,ýmd •the 'boundary layer

region- I msidd the ýýauel -iiall ig extreme]:.) unstable:"

In i932 and, 1936,. Taylor [6, 7-j.-81 investigated fully- vqopea rotating

! Atbu].ent flow between concentric rotating cylinders. In Taylor's rotating cylin-[

clr, the Taylor vortices appeaied-when the outer cylinder was stationary and the•"

-'

inner /l~ierewas rotating., In that case, the angular mothentew distlibution is

uta.le. In Gortlert s experime ts [9] with flows lver crncave and convex walls,

athe -D disturbpancts ,a s(ea only for floe over concavea wallahs. \

• In,-1935,, Wattendorf [10] attemipted to isolate th~e effect of streamlinecunerse on turbulent flow by uslg a icurved odyarel of constait curvature andL

cross seceion. Hv foxmd that for fully-deveutped, curved, i-ternal flows, the ,a.

~! x

trbgint issi thy •han were le' than that for straight eow'near the i[ner
(convex) wall and greater near the outei wall c n accordanTy wi'th Rayleigh's

--- I [I

criterion of stability. Viscosities near the outer wall.were up tio four times

corresponding inner wall valueg. Eskinaii and Yeh [Ii] ,"and later Margolis and

Lumley. [12], demonstrated that that•urbulent ,structure i-- dependent on the shape

\ of the angular momentum profile. Their results With C'urved' chalmel- flcws led
to the conclusions that on the convex wala theigradient of angular momentum is ]
positive and turbulence is suppressed; whereas o n the concave wall, the gradient

of angular momentum is negative and turbulence- is promoted. In 1968, "Bradshaw [13] 1
concluded that o lee effect of streamline curvature on the turbulence is probably

more important than the fffect of stneamline curvature on the man equations. To

conclude, the chain. of deasoning is that streamline curvature influences the flow

-. \
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Forpeei-cinent 'survey articles on swirling flow are by Wfestley [14],

_Kiq~th `I]Lavin and.Fejer [16], and Gacbill and Bujidy [17]. In 1937, G. J.

-Ranqi* [18q].applie4,d forr a vortex tube, patent. ,In 1944, flilsch developed a Vortex

-Coolg de~ica t -ichreqiuently bears-his name. In 1946-48,,Milton [19], and

a14te :i "-[20],.pointed~out thd irpi6rtant phenonmna occuirring in vortex tubes.
Ifi194, Kssnx~ ii~Kn~mshil [21 e~plind'the energy separation assbuning

thatthaj~teniaI-oi~xwi~ const) initially formed at the nozzle inlet i

trnfor_ýd into ,so'lid body otation, (wit const) as the flow proceeds axially

toward the 6Ixdtlet A:MsW 5ax -analysis w-as-given by Dcissler and Perliwitter [22,23]
woxropsetha te aialflw ws ecess ry.i the energy sepbration process

[I ecius nstof the 1ienqeratuite separation 6ccurs, -where the, bulk flow changes, from

radil to b ir

In paes by' DIssier and Pcrqim~ttet [?22: indr'Donald~on and Sullivan [24],

the R64. is aýsatmid to, be twd-dimensianal,6r'-iave an axial 'velocity proportional[J o te aaa~ooruat. I -tis-cas, \tJ 'apG of th tang~ntial velocity

[] o th y~ntia veociy manttde~ Fo v Iy w Ret the ýtangential velocity

p~uAdt6 be-w 2: (soiid-body rotdtiona As -Re. increasses, the! vilocity

1] ~Proifile approachcsaw z r) -Mevrtex flow) exceept nbar the- axis where solid

body, -rtati6&i alwaks pcc-urs-; Kreiih and N~rgolls [25],. S.'ith1~erg and Landis [26],

and Thorsen. and Lividis [27) studied the, effects of turbulent swiriling motion cn

heat transfer from tubes. K~rassiher mnd Kno~rschild-[i, fIartiiett and Eckert f 28],

U Deissler and Perlmqtete [23],, Ragsdale j291, ILeyes [301,, Neftebrock and Meghreblian
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[31]. Reynolds [32], Kendall -[33], anad Sibulin [34], all studied forms of the

Collatz and-Gortler [35] and Talbot [36] analyzed swirling flow- in pipes

-by linearizing the -tmgential -mbnitum conservation equation and- e loying a H
constant tuibulent viscosity. The smiplified equatibn is often referrd• to the

"swirl" equation. Kreith and Sonju [37], Rochino and Lavan [38], and Scott [39] U
all extended the method by vary'in initial conditions, using variable properties

and annular geometries. Muslof [40]) measured the decay of turbulent sw'.l in -a 3
statibnary pipe. ,'ersen- [41] studied swirla u g inlet flow in a tube using a

boundary layer approach. Rask and Scott [42] studied the decay of turbulent swirl Ur
in an annular duct. Boemer [43] enployed the time-averaged Navier Stokes ,equa-

tions for turbulent flow for the annular geometry. In Boerner's work, the effects [
of turbulent transport are incorporated through the use of two apparent turbulent

viscosities which are conputed separately for use in the axial and tangential [
momentum equations. Best results, as measured by agreement with the data of

Rask and Scott [42], were obtained with a tangential viscosity model that links]

the viscosity t6 tangential velocity via the average ,flow angle, the wall shear

velocity, and the distance cf the zero shear location to the wall.

From a review of the literature, it is evident that only a limited number of

previous investigations, either experimental or analytical, have been devoted

to vortex flows in concentric annuli. A fair number of investigators have studied

the flow between concentric rotating cylinders in the absence of an. axial flow, [
but this is relatively far removed from, the present investigation.

Palanek [44] investigated swirling flow in an, annular duct of diameter ratio L

di/d0 = 0.307., Palenek's study was initiated as an extension of an earlier work U]
by Talcott [45] on essentially the same apparatus. Talcott investigated heat

transfer characteristics in straight floy-i and also briefly in swirling flow. The
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sr:vl rte& se.i~d inPa1&nk's stp-dy-mere so extrerte that ieversed flow is observed'

_inxeacn~cage.ý.

A~tuyi loslv relted to Tat repre her as,. neby Yeh .[461. The

~najr d~n~esi~xethatbintest, sectioni-was of larger !zydraullc dianmte

and diameter - mrio, :i ad was, relatively shbrter than the present. test, section in

S]terms of ]ydrau7ic -diareters. In an ,anulus, the-hydraulic ,diameter is given~by

.h do.,dI. The- pertiinet dinensions of Yeh's apparatus iwere .d./do= 0.5 and

S"Dh •"5 inches, Yeh. reported'i\al skin friction coe'fficients at the inner and

buter ,walls buf• the investigaioh is sonewhat inconplete in, that 6nly straight

flow and one swirl rate 4ere lnVestigated. Acharyn and associates [47] also

analyzed-the data that was obtained by Yeh. The shear stress results are in poor
-agreevent with those rdpoited by 'Yeh.

Turbulent Transport Properties

For laminar flow along a cuved path, - = p(Su/ar - u/r). It is a custo-

[f mary but qustionable practice to use an analogous expression for the turbulent
shear stress, i.e., t = PCt(Bu/ar - u/r), where et represents an apparent tur-

1 bulent coefficient of kinematic viscosity or the "exchange coefficient" of the,

mixing process. Using this approach Tt " 0 when (Bu/ar - u/r) = 0. Kline [13],

11 has pointed, out that if an evqerimental shear stress is divided by an experi-

mentally determined gradient of velocity, the ratio can go to plus or minus

[LI infinity. This leads to difficulties in plotting experinEntally determined

transport coefficients. For rectilinear flows, Prandtl!s mixing length and

STaylor's vorticity length hypotheses give -r t = £2lau/aylau/ay. Again the shear

stress depends on the velocity gradient. 02 is the square of theMnixing length

Sand a function of the space pusition. Von Karman tried to relate turbulent trans-

port properties to local conditions. His similarity of turbulent motion concept

Syields -rt const (au/3ýr) 4 /(a 2 u/;y2 ) 2 for rectilinear flows. This is also a
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[rnt 48]' appliedRayrlePIgs- instailityr reasoning to deveoe uvd[

tuzrbulenit :fl~ws*,assUni4ng,-the local: angular ntin Cur)- constant during dis-

placement• of fluid- paicles -perpelifdcular to rten, streamlifies and .lUads to[

Tr- P/ (ur) 1[

wiefe-(au/ar u W/rj repreisents the vorticity .at the point, v the normal Velocity

aid. -.the mixng .length. This formula is identical, to. Prandtl's formula for-shear

stress in-paralel, motion-except the velocity slope is replaced-.,by (auar + u/r).

Aquation (l) leads to .a vanishing turbulent shear ,stress for irrotational mean&

flows--a behavior dontrary to the experimental observations of Taylor, ,Wat tendorf,

and Rask andScott.

Kinney [49], in.dealing with plane rotating turbulent flows, in the absence

of an axial component, applied an extension of von Kanmn's similarity hypothesis.

A family of similar velocity profiles was generated which includes both the rota-

tional solid bod}j case and the irrotational free vortex case. A universal constant

appearing in the equations wasevaluated ,using -G. I. Taylor's rotating cylinder [j
velocity Tnd wall shear stress measurements. Kinney relates the local angular

velocity of the fluctuating flow, to the local angular velocity of the mean flow ]
with the relation Jii/r - z a i/r)/Dr, and concludes that in plane-cur-ed tur-

buiefit flows which possess universal similarity, the angular velocitý is a ]
trap--frable 'quantity, just as linear momentum is a transferable quantity in

rectilinear' flows.

Rochino and Lavan [38] added the axial dimension to the problem in investi-

gating turbulent swirling flow in stationary ducts by using both Taylor's modified U
vorticity theory and von Kamvan's similarity hypothesis (SO]. Three poss-ible
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"-' (=-4i-¥-or t+' J -.or -• (2)-

pre - "" "

it is-not yei- establis!ed which- relation is Vazic. TM. n6l;Mal- procedure seems to

adopt an analogy to the laminar eqtuation 7"wt  p~t~aw/ar - w/r) wherie the -eddy

difu~ivity for nmomntumn is related to the mixinglenjhby 1 cit 2

I ( w/ir -w/r). The radial dependenc. of the mixing length is then the focal point

of the,6ntrol-rsy. In -te' core flow way-i•rom any wall influence, x = Jcr,I]
i.e., the mixing length increases at a rate proportional to" the distance from the

axis of syixotiy. Near th ýwalls, th mixing length increases at a rate:propor-

tional to the, distahce from the wall, acording to Prandtl. Since the annular

geobtry has'o-tw walls with Opposite wall behaviors, it provides a versatile test

geometry to study the anomalous shear stress assumptions.

Both swirl and an annular geometry generate asymnetric mean axial velocity
distributions such that the locus of zero axial shear and the point of zero

velocity gradient do not coincide. The computed et values are onegative in a small

rane of radial distances. Both Wattendorf [10] and Eskinazi and Yeh [11] showed

that in a fully-developed curved chaninel having ,an unsynmpetrical profile,, the

~: location of the zero turbulent 'stress (-pu"v' did not occur at thepoint where

"the velocity, derivative (au/ar) was zero, nor where the viscous shear was zero

[1[p(ýu/ar ý- Wur) = .1
The difficulties of having opposite signs for the shear stress and the

velocity gradient are discussed at great length in [13]. Alternate proposals

are given. Of the three shear expressions: T = PCJ au/ay, r pE2 / wau/Y,

T = p 3 q2 , (q2 = uFi-u; the third model proposed by Townsend, Bradshaw, and

MUcDonald [13] is the only non-gradient model. This model requires that if a tur-

:1 bulent kinetic energy exists, a shear stress exists. Therefore, the production
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of turbulent kinetic energ)y asstmsi.rcreased iio .rtanc. I, cylindrical

A x, r, e, u, V, w, coordinates, the production:of total, i-rbulet ene&'-is 50], [j
written for _.lly-devel d,. idsotropic, ;swirling, flow as

4r P['tji V ' ý - (3) U"""~

The productibn is positiX over the entire duct. f w -o, or with solid

body rotation-w = cr, the no~rma , xial flow production• isults. For a free vortex
w = c/r, the term' (w/r)/ar is ne6 :ive and the possibility of subtractionnoccurs

depending on the-correlation •rir.. Therefore, swirling flows also have -the dif-
ficulties of negative "appalent" tangential turbulent viscosities defined~as [

t aw _ 4) U
It is informative to examine the equationý udd to deduce the turbulent shear

stress and eddy diffusivities when developing profiles occur.

'The- Governing Equations I
"Consider a cylindrical coordinate' systdni with x, ., and ~. as the axial,

radial and azimuthal coordinates. Let u, V, and w be •he time mean velocities

in the x, ri and a directions and u', v•', and' W' be the corresponding turbulent

fluctuafion Velocities. ,Writing the continuity and Navier-Stokes equations in [

this notation, tking mean values wit, respdct to time, requiring the mean motion

ro be steady, the mean density to be constant, density fluctuations to be negli- [
gible, and synmimtiy with respect to 6, results in the following governing

equations [52]; U
Cohservation'of' mass

•, (ru), + •7 ry) =0 5

ax aU
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"r -T

w - av _ w2  E,2v ] o -,
-- .•+ "Vaa -- r+o1-

o nsefvation i of angula mon nter

U =i +V-a+ +V[W ]r +

r~r ri~x puT ra3r + U Br• Mir + 8

where_ Vx 8 2 + 92
3x~2 DF Y -ar

The resulting-set of .tiirbulent Nlavier-Stokes equations is non-linear andl

Sindeteminate due to theiatulbulent shear teres at the extreme right in equations
6 - 8. Since there aredeo maniuendent variables than govemding equations, no

general method of solution exists. We shall-now form integrAls of the equations

of motion in the following manner.

(a) Equation 6 is nait#plied by r and integrated across the flow

from r =riat th1ýinner wall to r =r. The result is
a. d+r (

JT ui dridr rP.urU
rO1 X r ax ax u'd

1, r4
(9)

where r JILU - P-U-v P( + e x au

>1] is the axial shear stress. The term p3B2U/aX2 was omitted in equation 9 in

accordance with an order of magnitude-.analysis using the data takeni in this[1 study which revealed that except for regions close to the walls (closer than

the closestkexperimental point), the turbulent viscous terms in, the equations of

motion are on the order of 50 times the iwlecular terms. Coupling this fact
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-J-w thenra 1as~unptiAm that intfh~esidewaflboz Idilayers_ (3/?x «<aa)

12 a2/3•2• - I/r-a/3r applies # tely for molecular quantities. Equation 9
-i' I i- mude-nom-dimensiodai by dii-Ig by 1/2 pi? r (u- is the average axial velocity)

S --

- ; 3! rT --. -r _i ,___ u 1 I " -d
_I; U. + rjA675 r 107 -PlITrax 4i 2 r-ýx- (9')

1 ru
rPdr + ; .-- dr

jpii2r axJ7 axTi r
The five terns -on the right-hand side of -equation (9') represent

1) The axial shear on the inner wall of the annulus

2) Mean velocity changes

3). Kinetic energy changes

4) Pressure changes

5) Turbulence intensity changes

Integrating across the entire annulus yields the following relevant integral

relationship

orxo rirx. = t (P + uz + T•) rdr iYr•c rir

where the left side corresponds to the total shear force per unit length (TrXi < 0)

and the right side represents the change in axial flux of linear momentum. The

turbulence level and the radial pressure variations are inportant here because

of the tangential velocity.

2[
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- -- (b) Bcjuticai 8-is miltiplied-byrz 3Md integrated. frdatbe, iner wall

outward- (aranDgecig 1i~/i

a J rw

1] •i

The f6ur -tes on the right-hand side of equatim .1 rpresent

I) ITý'torq•e per unit length on the inner unall of the anmulus

2 h ngme 'in axial flux of angular momentun between inner wall and
•: • radialilocation. r

3), Effects of axial acceleration on the axial flux of angular nomentum

4) The turbulence shear stress ex Tu ~Integration over the entire annular gap yields

70.2 2 d ~f1M uw~ 2drI(2

]r,

1 • The ]eft-hand side is the total torque per unit length whl~e the right-

hand side is the change in the axial flux of angular mmentum. Equation 11 is

nilde non-dimensional,.by. division by 1/2 piur 2

Te r2 rj + 1 a r r W r
S+dr urdr2jj O2 -

2 trO. -U1 r 2xj -r r ax
"1ri 

(2 ')

+ 1__r U dr "
+iu'r 2 ax° i
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Aes- equatons do not assu that the direction of-t1he sihear stress is the

saw as the itsultant-vwocity or res ultant-velocty-gradient.

ihe radiAl emtntim equatim integrates directly to H

F L r- = j -- rJ @4

1re a

ab2v.t 1 ,d +_ *vr

( av

According to, Hinze [5l1], the term n th .-v-*vj h/?x is of smaller order- of

magnitudie than the other -turbulen-ce termns. [
F~iiialy,,. the integral expression. for mass conservation results from

direct integration of its differential form (equation 5). [
r Jurd~ ( 14)

r. LJ

No -turbulence measurements were made dd~ring the-preserit :ifivestigatidit.

Equations §' and U' were used (neglecting the fifth ferm-in equation. W and-
thJb fourth term of equation II') to obtain radial profiles of•axiai iad tingentioai.
shear. Axial wall shear values were obtained Usilg a PiCsmn t.ter a Clauser

chart. Tangential wall shear values were -obtaine .sing,Aed ghe O ie gleat•-t[id
wall., i.e.,, Tr T r tan @

r
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Ii- - ~ ~ BE~tRiNM, APPARAU3-

] EW iediffutsiv•i ot h p.s have provert to be--a useful tool--pa;ticulalyin

adapting Uniea .flo*ts l protecb/qst caled culatictns in conire,

-trnel sievt- flws. Since all- diffuSvaity e M des culti otel, o d end'o elitirical

othogrds f their vluepeimust be tested-by coiparison Fith reliable e2-e."ents.

It is the r- i.fltict, of the present -paper, to descili-e stabited g eride ne s

sarried out it- the flowt Transfer Laboratoky of the -nuiversitye ofseMinnesota.

e he presenteopetheres ta programwas carried-outtin an. open circuit wind

tunnel designed frh swirl flows. A detailed description, of th- e facii t is given

SbywtRask and Scotte in [42]. A schematic dtahwing is-showrd asFig.fi. Pe, inent

photogreas of the experimental equipment are presented in Figs. 2-5. Initially

] Trooqei air enters the inlet radially where airfoil-shaped guide vanes inpart a

swirling motioi to the flow prior to entry into the annular test section. Upon

emergence- bfre the, test, section, the mean velocite head is recoveredin a conical

diffuser. The swirl is then removed from the flow in a- cylindrical duct filled

U with straightening tubes. The flw is then onsitored at an orifice, controlled
by means of a low resistance by-pass and cinrcumY flows into the net of a blower

[which exhausts to the atmosphere outside c the laboratory.

Theninlet section receives the initial radial inflow, inparts a swirling

motion to it and finally converts the flow into the axial direction. The inflow

enters between two converging, saucer-shaped, guide plates, each 48 incfrs in dia-
meter with a radius of, curvature of 42 inches'. Twelve airfoil-;shaped inlet guide

ranes are evenly spaced on an 18-inch-circi~afrence. The guide vanes are col-

~1] lectively rotated, thereby producing variable- swirl %rclocities. The vane angle

setting, 0, corresponding to a straight axial flow is designated as zero degrees.

Increasing the vane angle of attack increases tie downwash velocities behind a

blade and increases the resulting tangential velocities. The airstream acquires

angular momentun in passing through the cascade of vanes at the inlet of the

c1
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I .64-h foare iekt -jffiw sgei* Ih

~~' [j as The flow ~spirals ii~ard, andafre'itXtp oflwsgneatd Th

actuil s ituaton Is§ coaplicated by:ýthe drgoihe-vanhes, the, presence, of-wakesj

41ehd the ',vanies, the sdewa4, plate, drag, and -the:dýragz OLýng he inner wall'

ofb the!an1iiUlus wiithin the inlet. - -' * V
- As- the flowe encotnters1 the'9'0 - ~ eebnd I .:onverts; the pi-ncipal hiaiion

I into an -axial- motion, -it ejicounters three, ring,-she, bolndary'2layer trips

(R~guJre, ;c). "Th1e'trips servx -to fix. theý p'6nt-6oftia4nsitiofi from laI- a 1 o

turbulsnt flwat thq, entrance to 'the annulus, adtee, c~~ a- ste:W r

gosf ow.Qson an~d,'Sparrow' (ý2]- and, Qkiishi ad*'Sd J..... --ES31fourid ihAt in,

'smooth, ounded-entraftce- atanuli, -the, locUs of transitionis iýasyanietric and -msteady.LU T~~~~~hie irreguldr Laxial drift ofE tte trmisition icint~ue~nzs~~o~h-I flow. which was eas~ily, fieasurable when the trips are, ienoVed.

A h staness getee1 -is inertu e, 2.00--,nchO.D. aned akl/-icwall 6ti'hickes -iu(-s

tueis of clear plexiglass with, a 5.0-inich IAD and. 1/4-inch w~illthickness.

uded. The irner tube can be translated axially or removed conpletely-. 1h~e

[II verall Ilength cýf the ,test secticdn is 118' inches or 39.3 -hydraulic diamneters..

The 'nner stainless steel tube is instrunmnted along -a single#ry with 29,,

staiic pressure tsps. Variable flow spiraling prevpnts repeated roughness

effects-. Six6 probe wells-,,, igure ro\aelocated in the inner -tube in order to

[I accepitý t'r lindiical pressure survey probe. The probe wells are installed 90

degrees from fthe static .pressure taps and at longiiudinal 16 ations midway between

[1 'two pressure taps.

The- conicaL -diffuser comnences with the S-~nch diameter plexiglass tube and

I] .increases to an 18.4-inch circular cross section. The walls form a tot~

included an'gle of 7 degrees.' Straightening. tubes mdlrommaln ue1ic

LI in diameter and..1S inches long fill the diffuser cross section upstream of the
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meteingoriice Thir fumtind is o *rvethe swirl such-that. the

" W�"aly .integrating, the axial velocity :profiles. Th .calibration was found

.to.,,bp ih npR t, of -the, jngni:tude of the .swirp--d•mons; at the e ffetivdne~s
tof thal chnnelef-strawghte iacurate-ba sure &bnatiOhe. iThe. mass low rate is

controlled by•mea••s of a low-resistande• -pass.. A section of the tunnel, loca-

ted beteen.-the orifice and, the blower, has -bleed holes in it whdc can-.be

exposed by, Mans of a -rotatable, sleeve. By ,opening týe -bleed holes, room-air

j be indic~d into the systemdownstream-of the orifice--thereby reducig the

rad-ratqofmass,-flow, through the test section.

The blower used to draw air through the.tunnel is powered by a 3-h.p.

nmotor equipped-.with., an adjustable v-belt drive. The. blower is isolatedifrom

its angle-iron.mounting ,frtam by four coil springs and isolated from the

annular c--annel by means of flexible canvas sections.

Me cylindrical pressure ,probe and the. hot film probe used to sense the

local velocities are each held in identical brass blocks which.cani,6be, ,spý,ace(e

vertically, along a, dovetai track by a .micrometer which, is,, in tUrn, ,slcured to
the ,base section, cz a surv•, yor's, theodolite. Eitherý probe- can be rotatedrdi full

[360 -degrees and the rotation angle determined to within five. minutesý. The

micrometer has a 2-inch travel and is graduated in 0.001-inch increments.

Conparisons between Pitot cylinder probe andhot film probe perfobrmanc are made

in-Appendix A.

Nbasurement of the 'san Values of th6, Local' Static and Total Pressures. The

radial velocity distribution V may ,be calculated from the, continuity equation S.

This relation, written for rotitionally symmetric flow with steady mean values,

holds'without deviating more than a few percent from-the coplete turbulent

equation of continuity. Integrating equation 5 yields

rv= - (ur)dr (15)
r,, [Ir
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.Theieradial velocity is identically zero at bdth the inier and -the outer walls.

Only fieartlhe entra•ce a-e axi'al variations of the axial velocity of signifi-

zcanca. Te average axial velocity remains constant. Therefore, the radial com-

ponent Of the.Velocity is. everywhere small and thedirection of the flow cansbe

described by a single angle ý between the total velocity and the axial direction.

[f In surveying the pressure fields in internal flows with superinposed secondary

flows, most investigators have observed that the flow is sensitive to distur-

bances resulting from the presence of a conventional Pitot probe. + These dis-

ýturbances. are miinimized when -a Pitot cylinder is used which is Oriented along a

radius and is of sufficient length to span the cross section. The principal

design and construction problem of this type of probe is in establishing a known

.(jj ~angle- between. the- static. holes. The present~ Piot cylinder (Fig. 6) was made

from 0.083-inch O.D., 0.063-inch I.D. hypodermic tubing. In order to use the

probe as a flowodirection sensor, tio pressure taps, 0.020-inch in diameter, were

located 900 apart on the circumference. By locating the pressure taps 450 on

either side of the staknation point (Fig. 7.), maximum, sensitivity to the flow di-

rection was obtained. ThoMw [S41 demor.-strated that the wall pressure sensed in a

W hole drilled'in a cylinder is not, the pressure at the-center of the hole, rather

it is the pressure existing at a point halfway along the hole radius upstream of

its' center. Therefore, the correct angle between the centers of the two holes

is 2 are= 2a crit + 180 d/SD.where acrit is the angular location of the point

fl on the cylinder where the pressure is just equal to the approach flow static

pressure andid and D are the diameters of the hole (0.020-inch) and of the cyl-

inder (0.083-inch), respectively.

+Static pressure obtained using the static pressure holes of a Pitot tube are

] usually tog low due to the turbulence velocities normal to the tube.
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'" e ... . fit I't -traversing mechanism

-0.-032-in. 0.D.., 0.0195-in. I.D.
/" i -Hypodermic tubinij

-0.083-in. 0.D., 0.063-in. I:.D.
Hypodermic tubing

0.020-in., Pressure taps

- ~Flow
Ou' ,90P

1.-in. Silver soldered joints

jLi
Figure 6. Schematic of Cylindrical Pressure Probe

Flow -Pressure taps 1]

Figure 7. Probe Cross Section Showing Pressure Taps and [
the Angle
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"h -e-•tent.11 flol -solutim- for the 'flow past a cirular cylinde in'cross

flow.is bgi y;N b u =,ZU sin q. Apply DBemoulli!s-.theore•," thýepressu•e is

given by p - p.,+ p(U. 2 
-,u

2 )/2. Theptessure-p will 6eqba the :mdisturbed

Static pressu3r when.a =' 30?6. Thus,. the si'.4Wlified-approachof p-otential thýory

gives acrit ý 30., From.calibrations in- steady ,flow, Glaser .[551].foumnd that

Ucrit ---34.8. Tho [54] measured -acit = 34.20 at RD = 8;5 x,13 Ai& 34.30

,at ReD I) 1.7 x I04 . UWing Glaser's' result in Thon's, equation yields aref

34;8 +, (90) (0.020)I(.085)" = -41.70 -or the present probe'.geonttry.

The slope- of the potential flow'pressure distributim (p- p)/pu2 12 is

0.05-per degree near a-pressure'coefficient of zero. Therefore, 'it isnecessary

to determine.2a to within 0.4 degrees in order-to prevent a.systemtic error of

one percent in 1/2 pu2 . Since the slope -of -the static pressure is 'nearly linear.

near 'crit, a good first approximation to the local static,,pressure (or-flow

angle):'can be obtained by taking the average pressure of the two holes. In

reality an elaborate calibration was xequired.-

The pressure distribution along the forward surface of a long Pitot cylinder

[ varies only slightly when the axis, of the cylinder is no longer set perpendicular

to the flow. This result was anticipated by Glaser from'potential flow theory--

Sthat the form of the ,pressure -distribution about an infinite cylinder is indepen-

dent of the angle between the free flow and the axis of the cylinder. Therefore,

the flow can be broken up into conponefits along, and normal to the cylinder, the

"" forcer having little effect on the pressure distribution since the velocity

" •potential has the property of being additive for superinposed flows. In the

present experimntal situation, the probe is always aligned normal to the local

,total velocity while the crossflow arises because of the' swirl.

Lavant [16] used aref 400 and calibrated Pref•s()!Pstg. as a function of

"Mach number. A strong Mach nunber dependence on the pressure distribution' was

I
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-- obsterved. :Bruzm-(561 4s~ librated-aihbrt ;Pitot 4 -Inein-A freiý jet

(to6:minimze wall -ffects). Te. observed aief (approximately 450) was constant

f# ypeloditii tuider 100 nr•sec. Above 100-W.sec, .al&khas increased by about,Fnly U}
, T. : .Hinze- [(l] cautions that the diameter of-the cylinder- miist be

sm1,al'at least not -ukch larger than the microscale o•. the ambient turbulence.

:ini order to. measure the flow angles directly, the- probe was -first aligned

[ such t1it in pure Axial fliwa flow angle reading of 0 = 0* is-obtained. Values

,pf aef iere obtained-by rotati-ng the.pressure probe until the indicated-static

.pressure agreed with that neasured using a static wall' tap located -in the- inner

tube, at -the same ,axiaL (x/%h) location. Sample calibrations performed in ]
straight flow at three values of x/Dh .are given in Fig. 8. a ef variations of

+-1/2° are -observed at a- fixedra-dial location. In actual practice, each.,aref

profile was -plotted on a larger scale and- a smooth curve drawn through the data.

gref profiles at intermediate values of x/D were obtained from interpolation

of the calibration profiles.

Laufer [57] has suggested that in the vicinity of the wall, velocity correc-

tVon should be-made-because-of the large local turbulent -intensities,. If U is

the total: Veiocity- he -suggests using

U - u zv~ (16)
Ucorr n'Umas 1- UL (6

For noroal turbulence intensities, the; correction is-of the order of five

percent or less. Corrections were not made to the present data because turbu-

lence intensities were not jwasured. I']
EXPERINENTAL PROCEDURE

One of the primary objectives of this study was to obtain velocity profiles

at various axial stations (Dh 'cati6ns) using different swirl rates (inlet vane

settings). Velocity surveys were obtained at stations 3, 7, 11, 15, 19, 24, and ]

.1

.L __ _ U
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28v(x/Dh Values of 1.7, 4.2, 7.0, 10.3, 14.8, 22.2, old 32.7) for ndminal inle6t

vane settings of 00, 10%, 30', 450, and 600. The.bulk of 4he data i. ii ved- [
Vlcal- measurements of the flow angle, the total- pr&ssure, the. statV:c presiii

and the stdtic tenperature-of the flow. All. -of- these- quantities' are-neded tfp

obtain the local velocity components at a -single point. The first readjings-

were always taken at a radial distance of 0.010--inch froi the inner tube wall.

In all, readings were taken at thirty different raajal location• which spanned

the annular gap. At any given r-iocation, the flow angle was determined, first [1
by'using the manometer setup as a U-tube manometer and- rotating the-probe until

anull reading'was obtained. The flow angle wias read, to the nearest five

minutes, directly -from the scale on the base of the traversig mechanism. Once

the flow angle had been determined, the probe could be turned to the proper [V
angles for measuring the total and static pressure. All velocity measurements

were made at sufficiently low velocities (less than 200 ft/sec) that

conpressibility effects could be neglected.

The axial and tangential velocity components were calculated from the total [V
velocity vector using the relations

u =V cos 4 (17) [
and w = V sill (18) U
where 0 = flow angle

u = axial velocity Ii
w = tangential velocity U

A sketch showing the relative position of the "total velocity vector and

the flo% angle 0 is shown in Fig. 9. ]

[V



29-

.11-.- otOutwat

7~ ~ 71 T/ 7, 7 i
"LI imner wall

KII+ Fig. 9
Sketch iowing Ilow Angle~

iii The rass raThte-mas# detemined by nmuirica.ly intgrating the axial-

velocityp3rofiles. Recall -that with swirl, the orifice was never calibrated-

directly to obtain the mass flow rate. The mass flow rate is given by the

following integral

2=2J purdr (19)
~rf]

The numerical integration was carried out in the following manner. A least

squares, second-degree, polynomial was fit tin.ugh the first fobr data points,

with the first point now being taken as the zero velocity point at the inner

[j •wall. The least squares fit was of the form ur = C, +.C2r + C3r 2 . This

polyncmia ,was then integrated between the wall and the third data point, thms

giving the mass flow rate through that interval as

m, 2ffp{C,[r(3) - r,] + C2/2[r(3) 2 
- r, 2 ] + C3/3[r(3) 3 

- r, 3 ]} (20)

'U The local density"usdd-was the average of the densities at the points over

which the integration was performed. Away from the inner wall, a set of five

points was used for the least squares fit and the integration was carried out

between the second and third point of the five-point set. The first point of

each set was the same as the second point of the previous set., At the outer

wall, the fit was again through four points and the integration was carried out

over two intevals,
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the adial. velocity gradients wiefaiso 'calculated-ait 6dh'_pOint.. ssen-

tially, -the,1sim tedmiq" -as used to -differentit the velocity.profiles as

was -sed t6 inirate them. Instead of integrating-a fitted. least sques poy-

nodial, a-differniatio was iequired. For exampid, the. least squaresdpcly- [
-namial fitted-to-the axial data.was of the frmo u.-W- C1 4 C2  Y,+ C3 "Vwhere y is~eqqal to the radial distance -masured from inner wall [r - ri).

The velocity-gradient was evaluated at the center point of each Ave-point
fit. At-echwa11,afoUr-pýint fit was used and the gradient was evaluated

at thewall and the -next 'two-points.

DISCUSSION4 OF RESULTS

r - -Axial Velocity Profiles. The extreme axial velocity profiles, presented in [
Figs. 10 and l, ,were plotted-at the initial and final axial location with

inlet vane-angle as the .parameter. A somewhat unexpected profile exists at

station 3 (Fig. 10). For zero swirl, the axial velocity profiles have a nearly

fully-developed chaiacteriftic shape although located quite close to the

entrance (x/D, = 1.7) where centrally -flat profiles--were expected. It appears

that the friction drag of the entrance plates, coupled with the profile drag E
of the turbulence trips, has strongly retarded the flow near both walls, there-

by producing the more rounded velocity-profiles characteristic of fully dev- l
eloped turbulent annular flows. Further downstream, the calculated average

axial velocities -of the ' = 00 ÷ 450 data are constant to within ±3-.percent, J
while the • = 600 profiles seem to have changed -considerably in comparison with

'the other profiles;H

The axial flow field is most sensitive to inlet vane angle T greater than 450.

For •= 600 in the inlet region, the flow is approaching a reversed- flow condi-

tion, (axial velocity near the inner wall moving in the negative x-direction),

which explains the skewed nature of the 600 profile. Since the inner flow is I

Fl
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For straightfl, the niaximu- axial velocity at station-3'i oatda

dipensioiiless radi~al position C(rm -- ri) of aboutO.46. Downstrewnm of

II- stationý 3 the velocity, maximbi.nfirst moves closer to the Inner wall ,and then out-

ward~to-;a finial, .yalue of 0.45 at station 28. TFor 16%, the maximtum location-
begns t 037 at stto ,ne nadand thdh -outwarkd until, at station 28

~it cus, at Ar sttion 3,Me 0.Srd
it~occu m at Amr o SO The same trends are hoted~for =30* and-'.=450.

v4,ýalues reported are onky approximate since they. were obtained- b9 visual

inspection of- the gahwiethe irregularities. in. the loain of -the ocr

mAch closer to the outer~ wall. At stationi 3, the siwximun occurs at iT~in

less radius of approyimately 0.8 and does not vary from, this. location-as the flow

- proceeds downstream.

Tangential Velocity Profiles. The tangential velocity profiles 'obtained,

using the pressure probe are plotted for each inle~t vane setting with the station,

*0 Lb., dimensionless axial, locationý x/Dh, as the paramieter. The akial decay ocf

the tapgential velocity component can-be readily observed by plotting the profiles

In ~this manner. The Profiles will be discussed 'starting with those for 100%

Fig. 12.

One obvious characteristic of the profiles is the existence of two relative

U - maximumpoints, for over half of the profiles at =100. the swirl is also
relatively-weak with the absolute maximum tangential velocity at station 3 being,
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" only-15%-of tVe-corrsponding nxiiiu axial velocity. `-th&- ibolute mi3xif[

L - f ech~pofi'~ occws coseto the outer wall-, iLe.~, a-t-a-diziensiwiless ~-adial

_ - "ositioMnfr0P 9. JThe -smaller relative madimnupoints- when tjey occ, -are [,
near to thfi inner wall (aroid- 0.3); 'Further- downstream, the existence:ob the

-two relative- mixi.a points becomes less apparent, until at station 24..ohly [
one miaxinu point -is fo~md.

- The- flow adjacent co the inner boundary layer is similar to -a solid body

rotation (forced vortex type) as is-evident at stations 24 and 28. Closer to

the -inlet the forced: vortex fElw gradually reverts to a free ,vortex form which fl
£xtends outward, toward the outer wall. Adjacent to the -outer wall the flow

reverts back to the foiced vortex form, and produces the double maximum.

- At 309; ýthe maximum tangential velocity .at station - is,ýnominally 50%

'of the maximn-axial velocity, The existence of two relative, maximun points is

noted only At stations 3, 7, 11, and 15. At station 3 the absolute~maximiin

point is, at a Azm/Aro of-0.13. The maximum points at stations 7, 11, and, 15

are again close to the outer wall. One now observes that at statior. 3 the

majority of the flow is of a free vortex type. At • = 300 the vortex generator

is operating as planned. It is of interest to note the rapid change from

essefitially a free vortex type in the outer 2/3 of tie annulus at station 15,

to a completely forced vortex type at station 19. The forced vortex pattern

is even more evident at stations 24 and 28.

At • 450, Fig 14, the maximum tangential velocity is now more than twice

that observed at • = 300. The ,maximum tangential velocity at station 3 is 103%

of the corresponding maxiwrm axial velocity. The profile at station 3 is the

only one that exhibits two relative maximum points. All of the maximumn points

occur within the inner half of the annulus except at station 28 where the

maximum occurs ,at a dimensionless position of about 0.62. All of the profiles

?; ,
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• exhibit afred-evortex type of flow over amujor portion Of tlz anUular flow

fl eg;cLW rnd:'the fte. vortex: natdr6 -is. still preserved at sitation 2. Mie tire&

vortex produiced'by-the i~ltgievanes 3S is6 becmig sttwgeriealre

ptotal angular ~iiittin is initially produiied mid is m ~ng iiý p-eseic:F~lt:

Sover 1tj entike length g of the test setion. a e o -offl is

still-evident, close to ihe inniei wall- and it-moves out ufitil at station -28 the

ffo-Wini the inner half of the, annitlus has a forced yottex character.

At §= 600, Fig.'15, thep-iixbmzi tangential velocity at station 3 is now

approximately 160% of the cofresp)Tding k d'iu axial velocity. No double-

maxim= profiles occur. All- of the profiles no, eihibit a mAxiniu point at a
dimensiqnless:,posticn (witin 10%) of 0.5, with the -maxim at station 28

being closer to the inner wall t1h the mximpm at station 3. The annular flow

Tegion is thus approximately divided, in half with the inner half exhibiting

fol:'ed.v6rtex flow and the ouebr-half exhibiting free vortex flow.

To sumarize, the tangential velocity .cures for each inlet vane setting

U reveal the following regiors:,

1) Inner wall boundazy, layer produced by the no-slip boundaky condition at

the infier, i*e:neable Wall, i,e., at r = ri, u = v = w 0, dwl/dr > 0.

2) Forced& vortex zone. The region above the slight discontinuiity in shape

U •of the swirl velocity profile. The tangential velocity increases with

increasing adius' according to -the approximate, relation,w-= const rm,

0 < m < 1 and the constant is a function of axial position, x.

3) Transition zone. The region brackets the location of maximun tangential

[3 4) Free vortex zone. The -tangential velocity is described by approximnate

hT relation w = const rm, -1 <n< 0.

'U 5) Outer wall boundary layer occurs in the region adjacent to the outer wall.

U The swirl velocity gradient is negative and at r = ro, u f v w = 0.

- ,V
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A ThMe static pressure distribution~s along the inner-wall, axe presented in
S• ig.. 16. Sine a~tm .hericb;pressure Patm) ex a the inlet, all of the

iieasured-pressure are s p!3atm*speric._ Theprqss- di"fferencesat-x/Dh = 0:

rpresent the entrance pressure losses and are -de prmar y to voite, gener- L
ator friction; The flow cross sectioms within the vortex ýgenerator become

-quee smal at 6 =0° Mie airfoil sections nearly overlap. The average U

velocity within the vortex generator increases shaxply.

"The- slope of the profiles is, given -by,

a / ýD_ x(21)

The normal behavior of a-decreasing static pressure with- axial.distance
is observed for= 00, 100, and .300. An extensive region of nearly uniform

pressui6 is observed in the region 6 < x/Dh < 22 for @ = 45*. The internal' U

wall pressure--gradient is positiv ovr the entire test ieng•h for "' = 600. There-

fore, the normal physical feeling that, there. can be~no extensive regions of flow

ainst a pressure gradient is clearly not true in rotating flaw systems.

'Further bataRýeductionand Tests. kbe excensive discussion of the

= 450 data will be prsented here becausethis data represents the [results o

an internediate swirl. The axial velocity, 'flow angle, tangential velocity,

and angular-momentu•,profiles are given in Figs. 17, 18, 19, and 20, respec- B
tively.

Local Skin-Friction Coefficient. Local axial skin-friction coefficients j
were cu•puted for both inner and outer walls. The universal velocity-distribution

equation for turbulent boundary laver flow has the form U

U+ y+
U. ~A .log y+ B (22) r

U

FEl
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y Y- u/v V ;(24) FIZ

The values of ihe Ia of the wdl11, cobstants -A ind B vary somni atas, is

observed in the fb•ll -ingtable. [j
Table I. Law ofWall Constants [

Souce A B

Nikuradse 5.51 5.8

Clauser S.6 4.4

Coles 5.62 5.0 I
Smith and Walker 5.0 7.15.

Patel 5.5 5.45

NPL Staff 4.9 5.9

B assumes different (ralues for roughness as summarized in [58],. Brighton and

Jones :[59] have carried out careful experiments in annuli with several radius

ratios. They find the values of u" generally lie close to •the distribution of

Nikuradse, [58] for the outer-profile, as dothe results of Knudsen and'Katz [60].
The inner profile results for ri/ro = 0.56 agree better with the Clauser constants.

Similarity considerations by Eskinazi and Yea [31] describe deviations from - ]

the univeisal law for smooth walls due to the radius of curvature of the channel.

For convex walls (inner wall) the velocities are larger than predicted by fj
equation 22, iwhereas for concave (outer walls) the velocities are less than pre-

dicted by the straight-wall universal law.

The values of A and B used herein were those of Nikuradse. Using these

constants, the equation 22 -pVresents the turbulent core region, i.e., y > 30.

J[

- I
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sa kgse of ,thefa~t That'

u*#/ui ÷(fj/ (25)

.where-

Suj=)- -axial shear stress.velocityi ft/sec '(6)

1i.

- u1  axial vilocity, at o6ute- edge of inher axial boundaiy
layer, ft/sec. i(In'this case,• it Is, also e•qual to
the maximum axial' velocity.')

Cfx w w/PU ; lo Ical axial, skin-;friction coefficient

Equation 22 ca, be rewritten

u/ut =,CCfx2)1/ [2.5, in (y-u,/v). + 2.5 In (Cf/2)1/2 + 5.5] (27)

Thus, this equation gives a curve of u/ui versus yu1 /v foreach value

cf the 'parawter Cfx .(see Fig. 21). As SuggestedbyClauser [61], values of

CUx my now'be estimated by plotfing, the experental valuosve0 u/u, vrsus

y.u1 /v and selecting the Cfx value that best fits the data. Equation 27 was

Splotted on semi-log paper so that curves of constant Cfx would plot as straight

lines.

SThe Values of ,u, needed to determifie'.Cfx were' detenrined fr-om the- appro-

priate axial velocity profiles. For the axial velocity profiles, the value of

ul was :the sane as the maximum axial velocity.

Pierce [62] has given a good.discussion of a Clwiser plot as applied to a

skewed boundary layer fiow. At least four variations of the conventional Cdauser

plot alt possible for a three-dimensional turbulent flow. He compares experi-

) n mental results of prcossure driven skewed turbulent boundary layer flows using

calibrated i~v'ston tubes [63], Clauser plots, claw Preston tubes, a direct

Li force balance system, and a wall heat meter. Pierce concluded from accumulated

;o

-77
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data.,that the Clauser-chart described above should predict local wall shear 0
values with-as much accuracy as in the two-dimensional case provided a reason-
ab.le ium~e~r ofmeasured velcity points are recorded in the wall similarity

region.
The experimental data plottedl in Fig. 22 represents some of the best fits

and the two worst fits of the T-= =459 data to lines of constant C . For each

flow angle, stations 3, 11, 10, and 28 generally represent the worst tO .the U
best fits, respectively.

The actual plot used to, determine the values of Cfx has an enlarged linear 11
scale-of 10 squares per inch, with one inch representing an increment of 0.02

in u/u1 , and ah. enlarged log scale with one cycle covering approximately 10 (I'
inches. Lines of constant Cfx were drawn in at increments of 0.0002. A linear

interpolation was used between these lines to determine the valucs of the constant

CfX lines that were drawn through the data points. For data points that did

not fai1 along lines of constant Cfx, a straight line was drawn through the data [1
points and the-value of Cfk was evaluated at the point where a line of constant

y~u,/v = 5,000 intersected the line through the data points. The method is

illustrated in Fig. 21 for station 3, • 450.

,Law-of-the-Wall Variables. Once the axial skin-friction coefficients had been iD
determined, the law-of-the-wall variable for the inner profile, u and y+, could

be calculated. Making use of equation 25, the values of u+ -and y+ can be easily

calculated from their definitions.

The logarithmic velocity-distribution equation for turbulent flow 'is attri-

buted to Prandtl, -ho used his mixing length theory as a basis. As discussed in

the previous section, the constants used in the universal velocity law were those

of Nikuradse. Using his values for the constants, the equation becomes

u = 2.s5in y + 5.5 (28)

}1



Values of u+ Versus, X were then plottedi on semi-log paper (see Fig? 22) :and

compared with -the asstitd. ielation given,- by e•uatior, 28. -

Dininsional values, of the. axial and tangential wall shear values are

plotted in, Figs. 23 and 24. Inner wall axial shear values obtained.separately

from a calibrated Preston tube- and the ,Pitot cyllider probe-Clauser chart are in

agkeenent. Outer wall tangential shear -ess values are approximateiy twice

as great as the inner wall values, ref1_, ig the- large tangential velocity

gradients near the outer wall show in Fig. 19. The inner wall shear data

I exhibit a wavy ,behavior in- the range x/Dh < 10 which reflect the pressure

distributions plotted in Fig. 16. Axial pressure distributions are given for"

LI (r - ri)/(ro - ri) = 0 (inner wall), and0,20-, 0.4' 0.6, 0.8, and 1.0 (outer wall).

For x/Dh > 10, the inner wall -pressure; gradient is negative but small. At

other' raaial locations, the local pressure gradients are positive.

The entrance pressure losses are largest near the outer wall. Here, the

jj pressure gradient in ,the- axial direction' is due, on-one 'hand, to the effect of

accelerating, and overaccelerating,. the flow '(which initially has no axial com-

pcnent) to the velocity it attains at station x. On the other hand, ultimate

radiil pressure eauilibrium and the axial decay of angular Momentum lead to

complex pressure patterns.

Local axial shear coefficient profiles f6r @ 450 are given in Fig. 26 at

five axial stations. These values were obtained ,by numerical integration of

equation 9', omitting the turbulence intensity change term (term 5). The

radial location, for zero axial shear noves outward from Ar/Aro = 0.34 at station

7 to Ar/Aro 0.61 at station 24. The axial velocity profiles attain their

maximum values (u0) at Ar/Aro = 0.52 at station 7 and 0.58 at station 24, This

discrepancy will prove to be serious when eddy diffusivities are computed later.

The outer portions of the profile at station 7 indicate a thick constant

shear region.

im im14
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Station: 71110.004 11

l15 0
. 19 I>

0.002

-0.002

[ -0.004

L0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
r - ri
ro0- ri

1] Figure 26. Radial Distribution of Axial Shear.
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Contribution of the individual terms in equation 9', which sum to the

local shear, are given in Fig. 27 for j = 450, at station 7. Term 1 (circles) CL
represents the measured inner wall shear modified by the radius ratio ri/r. Term

2 (triangles) involves axial derivatives in the integral of the axial velocity. U
'This second term- is zero at each wall and nearly symmetrical because of axial

velocity near-symmetr/. At the outer wall, the integral represents the average L
a•iai 6vlocity which does not change significantly with x. As the flow develops,

the velocities decrease such that term.2 is positive. Term 3 (inverted triangles)

result from changes in- kinetic enetgy. These points are all negative and nearly

symmetrical about the radial location for maximnn axial velocity. The fourthu

'term (squares) represents the net pressure' force term. This term is very small E
near the inner radius but grows due to the increased-swirl near the outer wall.

The tbtal shear, plotted as the x's, is the sum of terms I - 4.

Similar comparisons are available in Fig. 28. Here the composition of the.

axial shear at Ar/Ar = 0.2.is given at 5 axial stations. This radial location41o
was. selected because the swirl velocities are fiormally near their maximum values

ndarby. This figure does not answer the question of exactly how the inner wall f]
shear obtains its' value. It is sinply a- measured value and the integral equation

91 demnxstiates why the shear changes radially. The effect of swirl enters only [
indirectly through the- pressure and the axial profile modifications. At

Ar//r. -0.2 the acceleration and kinetic energy terms tend to cancel each other

put .while the pressure term remains small such thatthe local shear is nearly

equal to the inner wall value. [I
Comparable local tangential shear curves, resulting from the numerical

integration and differentiation of equation 11', are given in Figs. 29 and 30

fcr • = 45*. Near the inlet Tro = 0 at very small Ar/Aro values (less than 0.1).
At station 24, T re z 0 at Ar/Aro =0.A4,. Near the inner wall, T re is propor-

, tional to Ar/Ar whereas near the outer wall Tre is constant.
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The mp" •S,:d£o the indvidual, termsi in quatidn Ili aie p11'ted in,Fig. 3

'Ior-= 4SO, stati The csrcies repieseth tern 1,-the-atrq -per unit length

a lon h6 inner wail ~di tiedo.by a radius- ratio squared. Terms 2ion. d3 are the

Lk c hane doinaxant f oter s h change ina tha l fluxof angularc acleftibiuoh the

axialn wa.llof angular momentum. These terms are- Of opposite.,sin th rand tnd to
• canc 1. Synmetr. about the-position of.maxfmum axial velocity is weak because

rjtea swirl be locista is quite 19sy.m trich ýde tangential shear changes most
I• ,rapidly in -the ,radi~al•: direction, near -,t.d zero shear location.

//MTe dominant t~erm -is the change in axial.. flux• of angular morentutm between

]•,"•,the Inrner 4all ,anfd location r. The shear "bulge" located, in ýthe ran&e. 0, 2 <

Ar/Aro< 0.8 appears to be an effect ,of the entrance condition -which has• disap-
;.,•-Pa•ardd betuden station 15 and•' 1§,. The' tangential shear profi~les at stations 19

and-:24- arequite similar in shape, indicating that the entrance effects are

probably finished' ad. the final process of swirl decay is underway.

"The tangential shear near the outer ýwall is approximately twice as great

as the inner wall shear. This reflects-the existence of larger swirl velocities
Fit near the- outer wall -mid, p~sumably, the ificreased turbulence.

Axial variations of the shear component terms are plotted iii Fig. 31- for

[ locationAr/Ar = 0.2,T= 450. In the initial swirl decay region, x/Dh< 12,
0 h

the local shear is determined almost entirely by the chafge in the axial flux of

All , angular momenttm. ,As the swirl decays and becomes progressively weaker, a type
of fully developed situation arises where the two integral terms in equation 11'

approximately cancel while both tend' to zero, such that the local shear isnearly equal to the inner wall shear.

'U EDDY DIFFUSIVITIES

:LI Axial Diffusivities. Axial eddy diffusivities were computed from the relation

-P-VU+ Cr) r (29)
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The ial diffugivities are plotted 'irr Figs. 32-36 as the ratio of tutbuleiit
to -oilcular diffusivities plus uniiy ,(e,/ +÷ 1) vs the rad station at/atO.

SThe ordinate is the f•4tio, ýf -he total-di~fffsi-ýty/tb-thie molecular diffu-: siVity for adir at the same temperature. Thelaxial diffusivity data are-lowest

Snear the walls 'in a!ll casei., Dif-fuivities kor Ar/Aro > 0.5 usually exceed

dornponing values •below 0.5. For exinple, a At/Ato of 0.1 is located the

[ samexadl frst ofrom the inner wall as Ar/Ar- = 0.91is from the outer wall.

At station 7,-that data4)for zero swirl are reprsented )y the circe'. One

point nead'-Ar/Aro = 0.4. is missing because the shear stress wAs opposite in

sigf to the velocity gradient. Th observed diffusivity ratio exceeds 600

U iar the i"ner wall for T = 60- as compared with a v-,de of 120 4 = O.

Agreat man) 600 swirl •oints are missing, near the outer wall. The apparently

'Vwild",points in the ientral areas of the figurJ are misleading. All of the

data, is systematic. The apparent scatter is associated with the onset'-of zero

sbear' and zero gradients. The total axial diffusivity, ratio, :as compoted fiom

measured shear stress and measured velocity gradient, goes to infinity--plus

or miinus--in a variety of ways. Most of the effects observed in the TangeU .i
0.3 < Ar/Ar < 0.7 are due to this effect.

0\

T6e axial velocity profiles are nearly fully developed by station 24.

Therefore, comparisons may be-made with other fully developed diffusivity

results and predictions. The experiments of Jonsson [64] are closely appli-

coble. He woiked, with a concentric annulus with a raius ratio of r./r = 0.56

(compared with the present value oi 0.4). His diffusivity •ta apply 61t

X/Dh = 132 and an axial Reynolds number of Ren = 115,000. The agreement is$ Dh

fair although Jonssonls inner data lie above, and the outer data below, the

present zero swirl dat at\station 24.

I,
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[I To emperical relations, which costutea cohftant-diffusivity for solid

S.body rotation in a-stationary pipe, ,are plotted iii Fig. 36. They, are lab3lled

Fejer and lavan [16]

V-X 8 .32 (8.32) (l.3XlO5)q,3  285
S-7=8.5- = (30)

and-Krieth and S•nju [37]*

C (fl) o0.86
r - 5.44x0- 3 I-- (.O0544)(l.3xlO5) 0 8 6 = 135.9

Ii V) (31)

j Away from the wall boundary layers, most of the present data at station 24 fall

within these values.

L Recently, Wassan, Tien, and'.Wilke [65] pointed out that most of the pro-

posed (axial) diffusivity distributions do not satisfy the theoretical criterion

of Townsend, which requires that the turbulent contribution to the Reynolds

stress-- pu-v' is proportional to yn near the wall where n is not less than

three. They propose the relation
£r 4.16xl0•-y 3  15.15x106y+4

v 1 - 4.16xl0 4y+3 + 15.15x10-6y++4  (32)

which applies for 0< y;"' < 20.

*The predictions of Krieth and Sonju are based on data presented in an M.S.
Thesis by Musolf [40]. Mussolf's data is not conplete because he did not
measure either the axial or the tangential velocity profiles. His tangential
velocities were calculated from measurements of the local flow direction, the
total mass flow through the pipe, and an assumed axial velocity distribution.
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Th e Itytvaluies measured in the -Present study Ame foiund in Fig. 22 to be
20, ,Forar&yt.of 20, the above equation yields vr/ = 10. 1

For sinple mixing length theories in which T = pg 2 (gu/py) 2 , £ = ky

r = kv+- '(33)
Nz ly•,:k 0. 84- Jdjdm~ 8 for y+ =20. It is clear from- these values that

the-piesent doati:w~erenot taken sufficiently close'to either wall to distinguish

Tangential Diffusivities. The tangential eddy diffusivities were computed

using the defining, relation 41
Tro = P ) (N- - (34)

Again, the results are plotted vs Ar/Ar° in Figs 37-41 with the ordinate

taking the form of the ratio of total tangential diffusivity to molecular U
diffusivity (Cr8/v + 1). In general ere < Crx. The values of cr0 are quite low

near the inner wall--particularly at the large swirl rates. There is a definite B
decrease in rO with T near the inner wall at station 7 and at most of the

following stations.

The emperical predictions of Fejer and Lavan [16] and Kreith and Sonju [37]

for the decay of solid body rotation in pipes are plotted for reference. They

represent average values in several senses. First, they apply to both the axial

and the tangential diffusivities. Secondly, they do not vary with the radius.

The predictions agree best near the outer regions of the annulus where most of

the annular area occurs.

The fully developed curved channel experimental diffusivity results of

Wattendorf also appear in Fig. 41. Near the inner wall, the straight channel

5El

- ii
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difftsivities are approximately oe-ialk the: curved wall values. Near the

outer wall, the reverse' is true, The locations. of the zeroes:, 0, L, i
aw/3r,-w/r) ?- and (aw/3r.+ w/r) = p0closely, r#tch the .present -'300 data.

In fact, the similarity in behavior' in all respects suggests that the

Watteendorf curved channel flow and-the present flow are of the same class.

1As is the case .with the axial momentum'transport,- the locatian of zerr-

'shear do not occur at.-the same radial 1ocatl'bn. -.Infinities.,in:r are appre,

,died. This\is the same type of "apparent\ scatter" lund in the .xial diffusivity

data. In general, the\ zero tangential shear location occurs closer to the inner

wall than the zero axial shear becaise of the subtraction in the rate of stiain

term (aw/3r - w/r). The corputed diffusivities do increase, reaching-maxim•im

values at the edge 6f the tangential boundary layer adjacent to the outer wall.

Lavn andI Fejer [16] have suggested that in alcaying swirling 'flow in a

stalion pipe, thl eddy diffusi'yity is a strong (approximatey cubic) function of

the radial coordinate. This trend is usually1 followed by the present data

icutfide of the point of zero shear. Finally, the di#fusivity values in the U
outer swirl boundary layer decrease as the wall is approachod. Fl

Turning to the lalt sta& , Fig. i1, the diffeient behavior near the two

walls is evident. The tangential diffuiivities first increase with Ar/Aro. p
Outside of this "inner" boundary layer .cr decieases, a aching a value of

less than 10. 1 ar

As was anticipated in the earlier sections, axial diffusivities near the i

inner wall are considerably lower than corresponding values near the outer wall.]

This is a result anticipated in the Introduction and is due, presumably, to the

diffeipnt turbulencelcharacteris cs of the two layers. Also, there appears

to be a slight increase in outer wall axial and tangential diffusivities with

an increase in swirl.

Ai, alternate fobm of presenting the dimensionless diffusivities is revealed

%H
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in Fg 4- i.Te, -rat ,of turbulent diffizsivity to the. product o.Z wallKB' frictionL velocity times. an apropriate scale length',ys the ihverseof a-Pynolds

n ner. The'•flow is divided into tworparts by thezero 7shear radius. Thre two

cOrrelation, pArafiiters, are

I~~~ ~~~~ ix 77 o -- '1(5
•ui(rT•o 'U0 rrX=0

where

[ ui = inner wall ,fricti&i velocity = /p.

outer'wall friction-velocity = /-

_ -rad'idl 'location for zero axial shear-
ri = inner wall radius,

r° = outer wall radius '

The radial location for zero shear was used rather tk',m the more frequently

used radius for maximum velocity 'because it- is more sharply defined and also

applies to theltangential case where' the correlations used are

,w*re= -orr (36)

wi(r 0 ri') WO*(ro - r )
Wr- 0

The two abscissis are the fractional distances from either wall -o the zero

if shear location. In effect, the L-mer scale is stretched disproportionately since

~i" r ri is typically 0.3 (r 0  ri). In short, the outev" profiles are
!L! the more important sinc:e they represent the major fraction of the flow. The

dashed line in each figure represents the simple mixing length limit,f pZ2 (3u/ay)2 where 9 = ky and k = -0.4. Since ct/v = 0.4 y%

Si dc t/u*Ar)/d(y/Ar) = 0.4. The constant k was determined from fully developed

pipe, channel, and boumdary layer experiments. It is drawn for reference purposes

4
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only, although it is quite surprising how close the slope of 0.4 matches much of

the data--both axial and tangential--similar to the findings of Liu, et Al. (66].

[1 They observed that for a fourfold increase in surface roughness, the Karman

constant is unaltered, and the value is 0.09 for the outer half of a

[u turbulent boundary layer.

Inspection of the limiting slopes in Figs. 42-46 reveal that for the axial

ifrl diffusivities the Karman constant is unaltered by swirl for € = 00 - 450. Values

of en/u Ar = 0.1 apply in the central core of the annulus for swirl angles of

= OP aqd 100. Largraxial diffusivity values appear whenever the local flow

is more-nearly the free-vortex type (wr constant). That is, for low swirl

Lj rates, 0' and 109, the inlet produced a nearly solid body rotation which does

inot alter the axial diffusivities. For • = 300 and 450, the early X/Dh stations

{4.U have a- free vortex character and relatively large outer flow diffusivities. The

60* profiles behave differently. The free vortex character is suppressed

at the early stations due to strong inlet pressure forces but is observed at

the later stations.

The inner flow tangential diffusivity data depicted in Figs. 47-51 chal-

lenge the concept of mixing length. Expected positive slopes, der /dr later

become negative. Spikes in the r curves disappear at larger x/Dh. For the

largest swirl rates, the diffusivities approach zero--a result in agreement

U with solid body flows. There is no clearly defined inner, tangential boundary

layer. The velocity in this region is already increasing with a near forced-

vortex character.

Spikes also occur in the outer flow tangential viscosity data. Large

Siiviscosities are observed for the low swirl angles. For 0= 600, the outer core

flow viscosities agree remarkably well with the universal value of rO /wo*re=0.028

Ii derived by Kinney from Taylor's free vortex experiments with rotating cylinders
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(in the- absence-,of axial- "!carrieri flow). Near. the. outer wall, the slopes

H decrease sharply-,with i ncreased-swirl- indicating that the Kara constant,

k-.;,4 is sensitiveto•,swirl, especially-•at the, smaller. swirl rates.

[It appear-s that large deviations in turbulent diffutivities- occur in

regions- where 'the character of'1the tangential velocity profile is changing

[from an- essentially free' vortex flow to an essentially forced vortex typeof

flow. The observed diffusivity values exhibit unexpected peaks temporarily as

[the gradient in .angularmomentu, decreases from 0 to negative values. This

is not a sharply defined quantity. A possible classification parameter is

[discussed in Appendix 'B.

The present method, of determining turuient transport coefficients involves

integration and differentiation of large amounts of experimental profiles--

a procedure which virtually guarantees a large amount of scatter. Secondly,

some turbulence intensity terms were omitted in the integral equations because

no equipment was available. In order to test the validity bf these simplified

equations', a cowplete static pressure' field for all six of the Reynolds stresses,

anda complete mean velocity field for all- three component ti re all needed.

CONCLUSIONS

LOn the basis of the experimental results, the following remarks can be

made (for the swirl rates tested):

1) The axial velocity profiles for 0' = 0 to 450, at the first station

had the characteristic shape of a fully developed profile because of

the entrance conditions. At T = 600, the flow is approaching a reversed

flow condition along the inner wall and hence the maximum velocity

point has moved out closer to the outer wall.

2) For T = 100 to 450, very little change was noted in the axial velocity

profiles with swirl relative to those for straight flow.

n
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3). he major-characteristic noted in the decay of the tangential velocity

for.i = 100 to 450 was the -change from a free vortex-nature in the

inlet to that of a forced vortex nature at the outlet. Also, the

decay did not occur in a smooth, gradual fashion. For € = 600, the

forced and free vortex nature of the profiles did not change much......

with axail distance and the decay did occur in a .smooth, gradual

fashion.

4) The flow angle for 1 = 109 to 450 close to the inner wall exhibits

a "snake-like" nature as one moves downst.;am. This was not noticed

at the outer wall to any extent. At 4 = 450, the path followed by the

flow close to the inner wall would be similar to that followed if one

could imagine himself walking along the coils of a spring that was

in various degrees of tension alternating with compression along its

length. No "snake-like" nature was noted in the flow angle with

axial distance at the highest swirl rate tested.

5) Good to relatively poor agreement was obtained in the inner axial L

velocity profile between the data and the universal velocity distri-

bution. The ¢ = 600 data showed the poorest agreement.

6) No regular shift in the local axial skin-friction distribution at the

inner wall is noted with increasing swirl rate for T = 00 to 450. A

definite decrease in the axial skin-friction seems to occur in the

inlet region for T = 45*. To generalize, no significant change in

axial skin-friction coefficient was found with swirl rates up to

= 30*. The • = 60' distribution shows a definite decrease in the

axial skin-friction coefficient.

7) At appears as though the axial pressure gradient will approach a fully

developed state before the swirl conpletely decays.
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8) Five distinct zones were observed'in the tangential velocity profile.

9) Pitot cylinder and hot film probe velocity profiles are in agreement

in the central annular core. The pitot cylinder indicates high

velocities near solid boundaries.

10) Preston tube and Clauser chart determinations of axial and tangential

shear conponents agreed within 15 percent for the inner wall shear.

11) Axial and tangential shear stress profiles were caputed from integral-

differential forms of the conservation equations using the measured

velocity profiles in the integrands. Turbulence intensity terms were

not measured and were excluded.

] 12) Axial and tangential diffusivities were conputed from the appropriate

shear profiles conputed from the integral-differential equations and

a Boussinesq hypothesis relating the turbulent Reynolds stress to the

rate of deformation. In general, the location of zero shear stress

did not occur where the rate of deformation was zero and their ratio,

the diffusivity, approached infinity-both positively and negatively.

13) Axial diffusivities are weakly influenced by swirl. This is probably

due to the fact that the axial velocity profile is only mildly influ-

I enced by swirl.

14) For axial diffusivities, the Karman constant is imaltered by swirl.

15) The tangential diffusivities behave in much the same manner as those

observed in curved channels.
S16) At lirge swirl rates where the tangential swirl has a free vortex

character, the outer flow diffusivities agree with the universal

value Crr/W oro = 0.028 derived by Kinney from Taylor's free vortex

experiments with rotating cylinders.
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17) Ldrge spikis in the tangential viscosities occur in regions where the

charact6r of the tangential velocity profile is changing from essen-

tially free vortex to forced vortex nature.

18) Uniey's conclusion that states that in plane curved turbulent flows

whic'i possess universal similarity, uie angular velocity is a trans- [
U

ferable quantity in the same sense as linear momentum is a transferable

quantity in rectilinear flows, also applies for nonsimilar profiles

with an axial carrier flow.

LI

El
B

S13



APPEMDIX A. Comparisons Between Pitot CylinMe I ,•be and Hot Film Probe

The hot film probe used was purchased from Ther.aSystems, Inc., St. Paul,

: • 1Thiespta. A hi film sensor was selected instead u. a hot wire sensor because

the film-sensor is more rugged and less s-sceptibli to fouling. The model numier

- of the probe was 1270-10-6. The diameter of the , m sensor was 0.001 inches and

-the--spsing-length-was-0.'020 -inches. The anemom, "•. system used was a Thenw-

SSystems,"Inc. constant temperature anemometer, :zw4e 1050. The instructions

for operating the anemometer are given in the i -.stuction manual for the Wbel

H 1050 anemometer.

A Beckman voltage to freque,.,y convertei, ?•bdel 651, and frequency counter,

[ Wdel 6148, were connected to the output of the.i anemometer to monitor the voltage

reae;ings.- The i.strument was accurate to within 0.3%. This setup provided an

easy to read digital output and the capability of averaging the input signal,

in this case the output of the anemoneter, over a ten second gate tire.

STypical axial and tangential velocJity data gathered with the two probes

are presented in Figs. 52 and 53. The hot film flow angles could not be deter-
mined as accurately with the hot film probe as they could be with the pressure

probe (see Figure 53). The resolution obtainable with the hot film probe was

not as great as that of the pressure probe. The flow angles determined with

the hot film probe are believed to be within ±10 at best and ±40 at worst. Nbst

of the flow angles determined with the two probes agree within ±20. The major

ity of the flow angles determined with the pressure probe are believed to be.
within ±1/20 or better. Very close to the inner wall at high swirl rates,

•f7 i.e., at • = 45%, it is belioved that the pressure probe gives false, high

readings. In equation 7, it is shown that the radial pressure gradient is dir-

[ ectly proportional to the square of the tangential velocity divided by the
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W2 ;ýp(37)
r p 3r

As a xesult, at high swirl rates the resulting downwash or crossflow along the

probe and the nature of the flow aomund the probe is probably quite different than

that occuring with weak swirl. Near the inner, wall, the smaller-divensioned

hot film probe should not disturb the flow as severely as the pressure probe or

be affected by the downwash. Because of these reasons, it is felt that the [
pressure probe gives false readings and that the hot film values are closer to

the actual values in this instance. 0

The total velocity msasured with the pressure probe near the inner wall at

450 was also somewhat higher than that measured with the hot film probe.

H
I0

J H
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- -"APP•NDIX B. Approximate Locus of Mayjmm Turbulent Diffusfvity

If -the fldk-can be written-in teformw cim, thm r/u-du/dr = m, where

m= +.1for oorced- flow and m = -1 for .free f"_w; we note that m.=,O (&w/dr 0)

isý & useful bouday between the two flows. The location of zero- swirl velocity

gradient is not, h&ever, the location -here visckity spikes are obserwd.

In-classifying this character, neither the rate of defomatibn or the

vorticity gives a sharp mnge. Consider thefollowirg table

Mixed Flow Classification

Flow Type Free Vortex Forced Vortex

Velocityw C/r > 0 Cr > 0

i'U Velocity Gradient dw/dr = -C /r < 0 C > 0

<11 IDeformation Rate

D = dw/dr - w/r -2C,/r 2  0

Fdw/dr +w/r 0 2C2 > 0

Product of D.F

DF =(dw/dr - w/r) (dw/dr +w/r)

-=[(&/dr) (w/r)Y] < 0 > 0

Inspection of the present turbulent diffusivity data reveals that the local

iLI maximums occur close to the position where the product DF is equal to zero. The

diffusivity data appear to be most accurate outside these two points - closer to

-II] the wallr'.
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